Abstract Transformation from even-aged to uneven-aged forest management is currently taking place throughout Europe. Climate change is, however, expected to change growth conditions-possibly quite radically. Using a deterministic approach, it was the objective of this study to investigate the influence of such changes on optimal transformation strategies for an even-aged stand of European Beech in Denmark. For a range of growth change scenarios, represented by changes in site index, optimal harvest policies were determined using a matrix modelling approach and a differential evolution algorithm. Transition probabilities were updated continuously based on stand level variables and the transition matrix was thus dynamic. With optimal transformation policies, stand development followed similar pathways during the transformation phase irrespective of climate change scenario. Optimal transformation policies were thus robust, suggesting that a good policy would work well under different outcomes of climate change, i.e., acting under erroneous assumptions about change would not lead to major economic loss. For the chosen case stand, the net present value (NPV) of the transformation phase (first 100 years) contributed 80-90 % of the total expectation value at a 2 % discount rate. To assess the robustness of the optimisation procedure and understand the nature of the response surface, 100 replications per scenario were carried out. Variation between replications peaked during the later stages of the transformation phase indicating several pathways for transformation, which were characterised by almost identical levels of profitability.
Introduction
Currently, transformation from even-aged to uneven-aged or near-natural forest management is taking place throughout Europe (cf. Spiecker et al. 2004) . In Denmark, the entire area of state forests is to be transformed (Danish Nature Agency 2012). At the same time, climate change is expected to change growth conditions and it would therefore seem obvious to try to take this into account when evaluating possible transformation schemes.
According to the Assessment Report 4 of the Intergovernmental Panel on Climate Change 2007 (IPCC), we may expect an increase in global mean surface temperature over the twenty-first century in the range of 1.1-6.4°C. As this interval suggests, the outcome is still very uncertain. Precipitation is a key factor when analysing growth, but at the moment, the future development of this factor remains highly uncertain. This uncertainty arises primarily from model uncertainty and internal variability (in the near future) and less from uncertainty regarding the emission scenario (Hawkins and Sutton 2011) . Looking at ensemble modelling results for the IPCC SRES (Special Report on Emission Scenarios) A1B scenario for the region of Northern Europe (Christensen et al. 2007) , only half of the 21 models show an increase in precipitation during the twenty-first century. Furthermore, uncertainty not only pertains to the degree of change in climatic conditions being experienced but also to the response of the environment to these changes.
The effect of climate change on the growth of European beech (Fagus sylvatica L.) has been investigated in a number of studies. Solberg et al. (2009) estimated an increase in increment of around 30 % per°C increase in temperature for central Europe based on observations from permanent sample plots. This method, however, does not take possible future changes in precipitation into account, i.e., that precipitation could be a limiting factor if certain climate change scenarios were to prevail. They noted that nitrogen deposition has a confounding effect on the influence of temperature on increment. For a so-called dry variant of the AlB emission scenario, Albert and Schmidt (2010) estimated reductions in site index (SI) of Beech from 0 to 9 m (mean stand height at age 100 years) for the period until 2041-2050 in north-western Germany due to a decrease in precipitation. Using analyses of tree ring series from the central and northern part of Germany, Friedrichs et al. (2009) and Scharnweber et al. (2011) both found that Beech has been increasingly sensitive to drought as temperatures have risen during the twentieth century. Applying a similar analysis for a case in southern Sweden, Bolte et al. (2010) found an increasing trend of tree ring width of 27 % measured as change in mean ring width from the first half of the twentieth century to the second. At this site, temperature and the length of the growth season are presumably stronger limitations for growth than is precipitation. Similarly, using dominant height growth as a proxy for productivity, Bontemps et al. (2009) found a rise in growth rate of about 60 % over the twentieth century for Beech stands in north-western France.
What this review may indicate is that although historic increases in growth of Beech have been reported, assuming that such increases will also be observed in the future is risky, primarily due to severe uncertainty of future precipitation patterns in Northern Europe. That Beech might have responded positively to increases in temperature in the past, does not imply that it will necessarily do so in the future. For example, if temperature increases are accompanied by prolonged drought periods in the growth season, productivity would be negatively affected. Consequently, this study was set up as a sensitivity study, aiming to analyse the robustness of decisions concerning transformation from even-aged to uneven-aged forestry. The literature review was used to assess 'reasonable' limits for change in growth over time as simulated in the study.
Target diameter harvesting-i.e., the notion of harvesting a tree when a given diameter has been reached-has frequently been mentioned as a way of achieving transformation to near-natural, continuous-cover forest management regimes (e.g. Buongiorno 2001; Hanewinkel and Pretzsch 2000; Kenk and Guehne 2001 and Sterba and Zingg 2001) . The concept would in general also entail the thinning of trees below the target diameter depending on factors such as initial stand state, desired stand structure, prices and choice of discount rate (Tarp et al. 2005) .
The economic aspects of the transformation phase have been analysed by, e.g., Tarp et al. (2000 Tarp et al. ( , 2005 , Hanewinkel (2001) , , Price and Price (2006) and Möhring and Rüping (2008) , while the economics of the final state have been analysed by Nord-Larsen et al. (2003) and Jacobsen and Helles (2006) . Key factors when comparing with continuation of even-aged management are timing of the initiation of transformation, choice of discount rate, distribution of income, and assumptions about prices/ costs and timber quality. Schou et al. (2012) compared various transformation strategies under risk of wind throw and noted the importance of initial conditions, cutting cycle and exposure to risk. analysed transformation under price uncertainty and found that transformation lowered the variation of net present value (NPV) as well as risk of incurring losses.
Different approaches have been taken to model transformation processes. Single-tree models have been applied by Hanewinkel and Pretzsch (2000) and Hanewinkel (2001) . Diameter class models have been applied by Buongiorno (2001) and Tarp et al. (2005) , whereas Tarp et al. (2000) used a stand level approach with a so-called chessboard model. It is not an easy task to describe the process of gradually moving from an even-aged to an uneven-aged system using the same model. A single-tree model provides maximum flexibility, but this is to some extent counterbalanced by a high level of resource use for providing input data and very detailed assumptions and specifications regarding thinning, regeneration and mortality. The diameter class approach can be seen as a compromise that offers a relatively high level of detail while using fewer modelling resources, especially considering the simulation part. For analysing optimal transformation strategies and associated harvest policies, we find this approach most suitable.
In this study, we analysed the transformation of an evenaged and middle-aged stand of Beech into an uneven-aged stand structure using a diameter class approach. Measurements from a stand in eastern Denmark were used as input for the simulations. The general objective was to investigate the influence of a change in site productivity during the transformation phase on optimal harvest policies and resulting physical and economic outcomes through the analysis of a set of growth change scenarios. As future changes resulting from climate change are highly uncertain, it was a key objective to analyse the impact of acting on wrong assumptions regarding future growth conditions, i.e., using a transformation strategy optimised under erroneous assumptions.
Materials and methods
The theoretical framework of describing the transformation process is identical to that of Buongiorno (2001) , where a predefined length of the transformation phase with a specified number of harvest interventions is assumed to result in a steady-state phase. However, whereas Buongiorno (2001) use a static growth matrix, we apply a matrix of dynamic transition probabilities which are estimated continuously using a nonlinear individual-tree diameter growth model. The applied diameter growth model is sensitive to density and structure (i.e. diameter class distribution) of the forest, and the optimisation problem is therefore nonlinear and requires a robust, nonlinear optimisation algorithm.
General model description
To describe transformation, we use the matrix modelling framework developed by Meilby and Tarp (2006) . At time t, the state of the stand is described as a vector
T representing stem numbers in each of j = 1…m diameter classes of fixed width w. The harvest vector at time t,
T , expressing the number of trees harvested in each diameter class, is calculated using the policy vector
T , which specifies the proportions of trees felled (harvest rates, the decision variables). Thus, the elements of F t are given by f j,t = n j,t 9 q j,t . The change in stand state N t over the time interval Dt is given by:
or in detail: where A is the transition probability matrix; a t = a 1,t …a m,t are probabilities at time t of a tree remaining in the given diameter class until t ? Dt; b t = b 1,t …b m,t are probabilities at time t of a tree moving to the next higher diameter class within Dt; and R t is recruitment from time t to t ? Dt. The transition probabilities are estimated and updated using the single-tree model for diameter growth developed by Nord-Larsen (2006) :
where Dd is the expected annual diameter increment, d t is the breast height diameter of the subject tree at time t, G t is the stand basal area at time t, G L,t is the basal area of trees with breast height diameters larger than the subject tree at time t, and a 0 …a 6 are model parameters (see Table 1 ). The parameter a 0 indicates site quality and is estimated as
, where H 50 is the site index (SI, dominant height at age 50) and b 0 and b 1 are model parameters (see Table 1 ). At every time step, the dynamic transition probabilities a j,t and b j,t are estimated as:
where M() is mortality expressed as the probability at time t of the subject tree dying within the next year and estimated by: Recruitment was estimated using a model adapted from Morsing (2001, p. 55-56) :
where R t is recruitment at time t expressed as the number of trees per hectare entering the first diameter class within Dt = 5 years, V t is total volume per hectare at time t, estimated according to Madsen (1987) , and d 0 and d 1 are model parameters (Table 1) . Harvest income was calculated as:
where S t is the harvest income at time t, P() is the stumpage price function estimated by the fifth-order polynomial:
with model parameters k 0 …k 5 (Table 1) , m() is a volume function developed by Madsen (1987) for merchantable volume
, and C a is a fixed access cost per tree harvested, implemented to ensure that precommercial thinning does not become unrealistically attractive. Given the above statements, the process can be characterised as an inhomogeneous first-order Markov chain in that transition probabilities are not stationary and the probability of reaching a given state depends only on the present state (the Markov property) (Van Hulst 1979).
Modelling climate change
Acknowledging that the outcome of climate change is highly uncertain, we chose to carry out a sensitivity analysis rather than to focus on a specific climate change scenario. We therefore analyse the consequences of possible increases and decreases in growth and compare these to a status quo scenario (No-change). To limit model complexity, we decided not to include possible changes in risk, such as wind throw, disease and insect infestation. Changes in growth were represented as changes in site index (H 50 ) over the first 100 years of the simulation period, corresponding to the commonly used maximum time horizon of climate change modelling (twenty-first century). After this period, the site index is assumed to stabilise at the new level (Eq. 8). 
where H 50,t is site index at time t, H 50,start is the site index at t = 0 and d is the relative amount of change in site index over the period of climate change (100 years). (D g ) is 26.6 cm. For a stand of this age, there would still be some 60-80 years to go before the commonly applied rotation age for Beech in Denmark is reached. Hence, the option of transformation is still very much in play. The given stand is a typical example of a reasonably well-developed middleaged Beech stand on good soil (moraine; sandy clay loam) in eastern Denmark.
Economic parameters
The stumpage price curve was based on data on assortment costs from The Danish Forest Association et al. (2003) ). An exchange rate of 7.45 (DKK/EUR) was used to convert prices from Danish kroner into Euros. The discount rate was set at 2 % p.a. It was assumed that there were no costs associated with natural regeneration. How reasonable this assumption is may be questioned, but since this study only focuses on comparing different transformation strategies and not on comparing transformation schemes to continuance of an even-aged regime, where this cost would be a key factor, we find the assumption reasonable.
Economic evaluation
The focus of this study was to analyse the transformation phase as well as the final state (steady state). The transformation phase is set to 100 years. Given the initial state of the stand, the objective is to maximise the expectation value (EV), i.e., the present value of future net cash flow:
where q is the annual discount rate. In this study, a transformation strategy is defined by a number of harvest policies (policy vectors) and the number of times each policy is applied. If the total number of policies of a complete strategy is x, then there are x -1 transformation policies (defining the transformation phase) and 1 steady-state policy assuming that the first x -1 policies bring the forest close to steady state. In this study, we applied x = 8 and used the 7 transformation policies at three time steps each. The steady-state policy was applied for the rest of the simulated time horizon, which was set at 500 years with the first harvest taking place at year 0. In practice, Eq. 9 was therefore approximated by Eq. 10:
where T is the number of periods within the simulated time horizon and s is the period number from the start (s = 0). As Dt = 5 years and the simulated time horizon is 500 years, T = 100. The right-most part of Eq. 10 includes the present value of a perpetuity equal to X when discounted from year 505 to approximate EV for the future after year 500. X is estimated as the annual average of harvest net income over the last 3 periods (s = T -2, …, T) of the simulation. We find the approximation implied by the perpetual income X acceptable as its contribution to EV only amounts to a share of about 10 -5 for a 2 % discount rate, depending on the change in site index. The result of the transformation phase alone is calculated as the present value of net cash flows during this phase (s = 0, …, 20). The applied simulation variables are shown in Table 2 .
Choice of class width
For the matrix model to function 'properly', the time step and diameter class width cannot be chosen independently as both affect the transition probabilities. Furthermore, it is often desired to comply with the Usher assumption (cf. Vanclay 1994), i.e., that trees cannot advance more than one diameter class within a model time step, Dt. The question of model resolution is vital and relates to demands on output and data requirements/availability. According to López et al. (2008) , narrow class widths (around 5 cm) keep estimation of growth rates at a conservative level. We chose to operate with a time step of 5 years equalling the model cutting cycle (in Danish forestry, the length of cutting cycles is usually 2-10 years). Comparing results between using 5 and 10 cm class widths, it turned out that going from 5 to 10 cm increased the expectation value by 25 % in the case of an unchanged site index. Adjusting to 10-year time steps for the 10 cm class width, the increase in EV was only 2 %. Accordingly, it was chosen to operate with a 5 cm class width in combination with a 5-year cutting cycle. Thus, with a maximum Dd & 1 cm, trees would very rarely move from the bottom of a class and straight into the next class.
Optimisation procedure Future stand states are determined partly by previous harvest interventions and partly by the transition probabilities of Eq. 1, which in turn depend nonlinearly on the structure and density of the forest (Eqs. 2-4) and are therefore also influenced by previous harvest interventions. As a result of this, there is strong interdependence among policy vectors and the optimisation problem is highly nonlinear and characterised by a high number of local maxima. Thus, a robust optimisation procedure is needed to avoid ending up with nonoptimal solutions. In this study, we decided to use a differential evolution algorithm. The advantage of differential evolution is that the algorithm maintains a population of solutions, which can be utilised efficiently throughout the optimisation process and thereby minimise the probability of ending up in a local maximum-i.e., the algorithm takes advantage of a rich base of information. The disadvantage according to Hendrix and Tóth (2010) is that it can be difficult to measure the performance of this type of algorithm. To assess the stability of the results, we carried out repeated optimisation using 100-1,000 replications. A 'stand' size of 10,000 ha was used in order to avoid introducing variation caused by sampling error.
Results
In general, results are aggregated across diameter classes or averaged over policies in order to make analyses more clear and transparent. This provides a clearer picture of the silvicultural features of the solutions for the different scenarios-differences caused primarily by the structure of the solution space are to some extent averaged out. First, we look at the harvest policies, then we examine the standing and harvested volumes, and finally, we present results on cash flows and expectation values. For simplicity, results will be shown for a No-change scenario (0 % change in growth) and for scenarios with ±30 % change in growth (±30 % scenarios), which we assume to represent the outer limits for changes in growth. The robustness of the optimisation procedure was checked on the No-change scenario using 1000 replications to make a preliminary assessment of the variation of results. After this, it was decided to carry on with only 100 replications per scenario. Thus, results are reported as mean values with standard deviations to show variability.
Looking at the development of standing volume, it was observed that until year 150, three pathways (basins) seemed to be chosen by the optimisation procedure: two lagged high-volatility pathways and a less volatile medium pathway (see Fig. 1 ). After year 150, they converged into two groups which moved closer to each other at the steady state. As to other general observations, high volatility in solutions was observed for approximately the last 30 years of the transformation phase (year 70-100) and the first 20 years of the steady-state phase (year 100-120). The results on EV, however, showed very little variation, indicating some flexibility with respect to the choice of policies. Furthermore, scenarios with high site index generally showed the highest degrees of variation.
Physical results
By looking at the development of volume increment and comparing with standard yield models for the same site index, it was verified that the model produced realistic results.
Harvest policy
Harvests were carried out between diameter classes 22.5 and 57.5 cm (class midpoints), i.e., precommercial thinning was avoided under the given economic conditions. Considerable variation of mean harvest rates (across replications) was observed during the transformation phase. Harvest rates appeared to follow similar patterns in different scenarios, except at the end of transformation. For the first third of the transformation phase, harvest rates were similar across diameter classes (q & 0.1-0.2). During the second third, focus was on cutting trees with diameter at breast height (dbh) [50 cm (0.6-0.8) . In the last third of the transformation, focus was again on all diameter classes. Noticeably, the -30 % scenario had a very high harvest rate (0.8) for medium-sized trees (25-50 cm), while the ?30 % scenario clearly had the highest rate for large-sized trees (0.5). Figure 2a shows the development of total standing volume for a period of 250 years. It appears that the higher the increase in site index, the higher the standing volume, because value growth increases. All scenarios followed approximately similar paths. Regarding stability, the coefficient of variation (CV) peaked at 20-26 % around year 100. Regarding development towards steady state, the -30 % scenario settled down much faster than the ?30 % scenario.
Standing volume
Examining the ?30 and -30 % scenarios (Figs. 2a, b,  d ), the former varied around the steady-state level of 245 m 3 /ha, corresponding to the volume at the beginning of transformation, with minimum and maximum volumes of 155 and 275 m 3 /ha, respectively. The -30 % scenario was characterised by a clearly decreasing trend towards the steady-state level of 110 m 3 /ha, which was reached at year 100 as opposed to year 250 for the ?30 % scenario. Compared to the No-change scenario (Fig. 2a, c ) with a steady-state level of 175 m 3 /ha, the ?30 % scenario had about 60 m 3 /ha (66.7 %) more volume in diameter classes 25-50 cm. Results for classes [50 cm showed high variability compared to the low absolute volume figures, resulting in relatively large coefficients of variation.
Stem number distribution
Figure 3a-c shows the development in the distribution of stems to diameter classes. The effects described above are mirrored here. It appears that in the beginning, the stem number distribution tended towards an inverse J-shaped curve, which was almost reached at year 50. As transformation proceeded, the curve shifted upwards. At years 25 and 50, there was little difference between scenarios, i.e., the effect of transformation was still dominating the effect of change in site index. The -30 % scenario accumulated increasingly higher numbers of trees in classes below 22.5 cm and vice versa. The variation among replications peaked at year 100. At year 500 (Fig. 3d) , it was obvious that class 22.5 cm marked a switching point-most noticeably for the -30 % scenario, where the drop off of the curves is increased. Comparing the ±30 % scenarios, the ratio of stem numbers was almost constant (0.6) until 27.5 cm. Maximum harvest diameters ranged from 42.5 to 57.5 cm (not shown). /ha, as might be expected given the initial stem number distribution. For diameter classes[50 cm, it is clear that the higher the increase in site index, the more volume was harvested, thus directly showing the effect of changing growth conditions. The mean harvest volume of the ?30 % scenario was about 560 m 3 /ha-nearly three times that of the -30 % scenario. In total volume, the former exceeded the latter by a factor 1.4 (1,230 vs. 890 m 3 /ha). With regard to the relative shares of volume in different diameter classes for the ?30 % scenario, 55 % of all timber was greater than 50 cm, while 40 % was between 25 and 50 cm, and the last 5 % was below 25 cm. For the -30 % scenario, the distribution was 20 %/73 %/7 %, i.e., very different. Table 3 shows a summary of steady-state values for stand parameters and 5-year harvest volumes for diameter classes. It appears that both stand density (G and V) and mean tree size (D g ) increased markedly from the -30 % to the ?30 % scenario, and the larger size of trees in the ?30 % scenario is clearly reflected in the size distribution of the harvest volumes.
Harvest volumes through transformation

Steady state
Economic results
Profitability and cash flow variation
Overall results are presented in Table 4 . At a 2 % discount rate, mean EV varied from about 19,500 to 13,000 €/ha for a The mean of average annual net income for the transformation phase varied from 235 to 380 €/ha/year analogously to the variation observed in the EV analysis. The ?30 % scenario had higher average values for the last half of the transformation phase as a consequence of the increasing site index. The opposite was observed for the -30 % scenario. Moreover, for the -30 % scenario, the decrease in average annual net income was roughly 45 % compared to an increase of 30 % for the ?30 % scenario (No-change & -10 %). The effect of the site index change was also noticeable in the steady-state values. Variation (CV) of periodic income trough transformation was 65-70 % depending on scenario.
Changing the discount rate heavily influenced the relative difference in EV between scenarios. For example, at a 5 % discount rate, differences amounted to only ±6 % for a change in site index of ±30 % compared to the Nochange scenario.
Sensitivity to assumptions about future changes
First policies optimised under present growth conditions (the No-change scenario) were applied to the ?30 % scenario. The EV was almost unchanged compared to the optimised value under the ?30 % scenario (19,050 vs. 19,380 €/ha) . To test the most extreme case of optimising under wrong conditions, optimal policies under the ?30 % scenario were used under the -30 % scenario. Results did not vary much either (12,800 vs. 12,870 €/ha). Testing the opposite, though, a minor difference was observed (18,680 vs. 19 ,380 €/ha, corresponding to a 3.6 % loss). Thus, there was little consequence of acting on wrong assumptions. These results can be explained by the fact that optimal harvest policies did not vary that much between scenarios-especially the first four policies-and that the first policies contribute a lot to the EV due to discounting. In this case, replications were made for an area corresponding to the actual size of the stand (4.23 ha).
The other optimisation runs had been done for a 'stand' size of 10,000 ha in order to avoid introducing variation caused by sampling error. However, as the study is based on the observations from a case stand, it was important to assess the effect of stand size (or the absolute number of trees) on the optimisation. For the analysis of the No-change optimal policy vector used under the ?30 % scenario, the CV = 6.4 % for the EV, whereas for the ?30 % optimal policy vector applied under the -30 % scenario, the CV = 0.3 %. For comparison, in the No-change scenario alone, CV = 0.1 %, whereas CV = 0.04 % when using a stand size of 10,000 ha. In the former case, solutions ended up in two very distinct basins, possibly due to nonlinearities in the model. Increasing the area removed this bifurcation.
Discussion and conclusions
General results
Under the given circumstances, transformation, as expected, led to the generation of an inverse J-shaped diameter distribution curve. As the model is nonspatial, it shows the development for an average area unit (applying the initial diameter distribution of the case stand). Results were obtained under assumptions of no regeneration costs and no change in timber quality compared to that of an even-aged stand. During the first half of transformation, the overall harvest pattern was influenced only by the effect of transforming. Smaller differences among scenarios were observed, which could be due to issues such as controlling mortality or accelerating increment for remaining trees. At the later stages of transformation, the influence of changing growth conditions was becoming apparent where the -30 % scenario led to the concentration of harvest in medium diameter classes (25-50 cm), whereas the ?30 % scenario led to higher harvest rates in large-sized timber ([50 cm). In the steady-state phase, the difference in site index was clear in that the higher the index, the larger the trees produced. When growth is increasing, the opportunity cost of postponing the harvest of trees, ceteris paribus, is offset to an increasing degree by their growth and vice versa. Monte Carlo trials showed that a (near) optimal solution could be reached in several ways. It is clear that the high number of local maxima caused by strong linkage among policies affects the optimisation, leading to a large variation of periodic income. To test the robustness of results to the assumption of a linear change in site index, a sigmoid development was also simulated. This only caused minor changes, thus indicating robustness, and we therefore chose to focus on linear change scenarios throughout the paper.
Economic considerations
For the growth scenarios, results were as expected in terms of profitability and the physical development of the stand. Increasing growth led to higher economic value, increase in cash flows during transformation as well as larger standing volumes. Expectation values varied ±20 % for a ±30 % change in site index compared to the No-change scenario with EV & 15,900 €/ha. A strong linear relationship was observed between site index and expectation value. The observed values of EV are in accordance with figures reported by Tarp et al. (2000) and Nord-Larsen et al. (2003) , taking into account differences in study preconditions. The stand age at which transformation was initiated (50 years) corresponds to the optimal age observed in the former study when comparing EVs with continuation of even-aged management. The question of prolongation of rotation age for individual trees and the accompanying risk of declassifying effects, primarily red heart formation (see, e.g., Zell et al. 2004 and Knoke et al. 2006) , is important when analysing the economics of transformation as also described in the two studies. In the present study, price reductions due to red heart were taken into account in the stumpage price function limiting maximum tree diameters-assuming that this will not affect the economic feasibility of transforming to an uneven-aged stand structure. However, possible changes in the frequency and severity of red heart formation caused by change of management regime or climate change were not considered.
At the chosen discount rate of 2 %, the transformation phase accounted for over 80 % of the total EV. However, differences observed for the steady state are also important to consider even if the values of this phase seem relatively small compared to the values of the transformation phase. Although it lies in the distant future (if reached at all), the steady state is the goal of transformation, and if no goal comparisons were made, transformation would seem meaningless.
As an example of other studies that employ a matrix approach when evaluating the economics of transformation to uneven-aged forestry, Buongiorno (2001) uses static transition probabilities, whereas this study employs a model with dynamic transition probabilities. Updating of these probabilities is based on stand variables reflecting changes in competition over time as a result of growth, mortality and harvesting. This should make for more realistic model behaviour compared to static transition probabilities but also increases model complexity. To assess the real benefits of the added complexity, analysis of growth data from field experiments of transformation would be needed. Unfortunately, no such data are currently available in Denmark.
Sensitivity to assumptions on change It was apparent that solutions were very robust-i.e., using a set of policies optimised under wrong assumptions about future growth conditions did not alter EV significantlyeven for large discrepancies between assumed and actual conditions. This was due to high similarity among policies (which were formulated as shares of trees removed) optimised under the different scenarios. Geßler et al. (2007) and Friedrichs et al. (2009) , suggest that Beech might be at risk due to prolongation of drought periods. According to Larsen et al. (2011) , this could also be the case in Denmark. Furthermore, if the wind climate were to change in the direction of more frequent summer storms, this might also become an important factor for Beech stands in north-western Europe. It is mentioned by, e.g., D 'Amato et al. (2011) and Larsen et al. (2011) , that an uneven-aged stand structure might be able to cope better with climate changes than would evenaged stands. The former study also points out the potentially conflicting goals of climate change mitigation and adaptation in relation to stand structure in that mitigation would direct attention to maintaining high stocking levels, thus lowering structural diversity. Although this subject is beyond the scope of the study, Monte Carlo trials indicated economic flexibility with regard to the choice of the level of standing volume during transformation. Some solutions had very volatile developments, whereas others showed more stable levels, i.e., mitigation objectives could be taken into account, to some extent, without sacrificing economic performance. On the contrary, if forest owners were paid to implement mitigation, this could even increase economic value.
Limitations
When the site index was increased by 30 % over 100 years from the initial index of 18.6 m (H 50 ), growth conditions would eventually approach the limits of what has so far been recorded in Denmark, whereby the reliability of yield estimations can be questioned. Concerning EV, the effect of this uncertainty would be negligible at a 2 % discount rate as the limit would not be reached before the late stages of transformation. Concerning results for the steady-state phase, some caution might be warranted. As data on uneven-aged management are scarce, growth models and economic figures used in the study are based on the data from traditional even-aged forestry. Regarding EV and the NPV of the transformation phase, the influence of this possible source of error is lessened by the fact that a large share of present value originates from the original even-aged stand. For the regeneration modelling competition is problematic, as the growth model is calibrated based on the observations of upper-story trees in even-aged stands and thus less suited to describe interactions among trees under more diverse structural conditions. Furthermore, the issue of seedling survival under possibly increased future drought periods adds to this uncertainty when modelling recruitment and growth for the new trees in the stand. With the current model set-up, this was unfortunately not possible to test. Both issues are limiting factors in the study and should be the focus of further research.
Development of the case stand
As input for the initial conditions, measurements from an actual stand were used. The simulations showed a reduction (under most change scenarios) in standing volume and D g from current conditions to the steady state due to a large increase in the relative amount of space taken up by trees in small diameter classes. This is an unavoidable feature of transformation to an uneven-aged forest structure. It was shown that carrying out optimisation for a stand of this size induced variability in the optimisation results compared to using a 'very large' area, which had been applied for most analyses in the study.
The big question regarding future stand development is regeneration and recruitment. Even though fructification might be unaffected, micro-climatic conditions could inhibit natural regeneration. Current conditions in the stand are those of a single-storied uniform structure. As a result, the stand might be highly exposed to draft, this also being a general feature of the structure of the surrounding forest, which is characterised by relatively small stands and intensive road networks. However, soil conditions seem to be quite suitable for natural regeneration as, e.g., grasses were only observed in minor parts of the area. However, should spontaneous regeneration not occur there is always the option to carry out soil preparation-or to wait. In these cases, the assumption of a costless regeneration would not apply anymore. Furthermore, there is the issue of browsing by roe deer (Capreolus capreolus L.) and other ungulates. This can also lead to costs, as fencing may be necessary for natural regeneration to develop.
The intention of the forest district is to apply harvest policies similar to those simulated in this study in the actual management of the stand and observe development. The applied model may be considered a tool for learning and providing decision-makers with improved knowledge on the consequences of transforming even-aged stands to uneven-aged ones.
